Low-dose antithrombin supplementation therapy (1500 IU/d for 3 days) improves outcomes in patients with sepsis-induced disseminated intravascular coagulation (DIC). This retrospective study evaluated the optimal antithrombin activity threshold to initiate supplementation, and the effects of supplementation therapy in 1033 patients with sepsis-induced DIC whose antithrombin activity levels were measured upon admission to 42 intensive care units across Japan. Of the 509 patients who had received antithrombin supplementation therapy, in-hospital mortality was significantly reduced only in patients with very low antithrombin activity ( 43%; bottom quartile; adjusted hazard ratio: 0.603; 95% confidence interval: 0.368-0.988; P ¼ .045). Similar associations were not observed in patients with low, moderate, or normal antithrombin activity levels. Supplementation therapy did not correlate with the incidence of bleeding requiring transfusion. The adjusted hazard ratios for in-hospital mortality increased gradually with antithrombin activity only when initial activity levels were very low to normal but plateaued thereafter. We conclude that antithrombin supplementation therapy in patients with sepsis-induced DIC and very low antithrombin activity may improve survival without increasing the risk of bleeding.
Introduction
The activation of systemic coagulation and consequent disseminated intravascular coagulation (DIC) is frequently observed in patients with sepsis and septic shock. [1] [2] [3] Reduced plasma levels of physiological anticoagulants, including antithrombin (AT) and protein C, serve as markers of systemic coagulation activation. 2, 3 Particularly, decreased AT activity is a consequence of excessive thrombin generation, 4 increased vascular permeability, 5 accelerated AT degradation, 6 and impaired AT synthesis during sepsis-induced DIC 7 and is significantly associated with high mortality rates. 8, 9 Several randomized controlled trials have investigated the effects of high-dose AT administration in patients with sepsis. [10] [11] [12] [13] [14] Although some have reported beneficial effects, [10] [11] [12] the large KyberSept trial failed to show any overall beneficial effect of high-dose AT administration in the study population. 13 However, a subgroup analysis of the KyberSept trial demonstrated that AT administration significantly improved survival in patients with sepsis-induced DIC. 15 Furthermore, a recent meta-analysis of 3 randomized control trials by Umemura et al 16 indicated in that although AT administration yielded survival benefits in patients with sepsis-induced DIC, such positive effect was not seen in all patients with sepsis. They also concluded that anticoagulant therapy increased the overall incidence of bleeding complications in patients with sepsis, but not in patients with sepsis-induced DIC. 16 Several recent studies revealed that low-dose AT supplementation therapy (1500 IU/d for 3 days) improved treatment outcomes in patients with sepsis-induced DIC and decreased AT activity. [17] [18] [19] [20] In Japan, although AT supplementation therapy has been approved for patients with sepsis-induced DIC at AT activity 70%, there is no clear threshold for optimal AT activity to start supplementation. Therefore, we investigated AT activity levels and the effects of AT supplementation in patients with sepsis-induced DIC to determine the optimal AT activity threshold at which supplementation therapy should be initiated.
Materials and Methods

Patient Selection and Data Collection
The Japan Septic Disseminated Intravascular Coagulation (J-SEPTIC DIC) study (University Medical Information Network Clinical Trials Registry number UMIN000012543), a retrospective observational study, was conducted in 42 intensive care units (ICUs) at 40 institutions across Japan. The study was approved by the institutional review board of each participating hospital, and the need for informed consent was waived because of its retrospective design.
Patients admitted to the participating ICUs for the treatment of severe sepsis or septic shock between January 2011 and December 2013 were included in the J-SEPTIC DIC study. The definitions of "severe sepsis" and "septic shock" were based on the definitions issued by the International Sepsis Definitions Conference. 21 Patients were excluded if they were younger than 16 years or developed severe sepsis/septic shock after admission to the ICU.
The J-SEPTIC DIC study retrospectively collected the following data: ICU characteristics; ICU admission route; patient age, sex, and body weight; preexisting organ dysfunction and hemostatic disorders; Acute Physiology and Chronic Health Evaluation (APACHE) II score; Sequential Organ Failure Assessment (SOFA) score; systemic inflammatory response syndrome (SIRS) score; primary infection site; blood culture results; microorganism(s) causing sepsis; daily results of laboratory tests; adjunctive treatments; number of transfusions needed; bleeding complications; and hospital outcomes. Details of the collected data have been described in previous reports. 19, 22 The DIC scores were calculated using a scoring algorithm developed by the Japanese Association for Acute Medicine, 23 and missing values were scored as zeroes. Participants without preexisting hemostatic disorders who had singleday DIC scores !4 during the first week after ICU admission were considered patients with DIC. We previously reported the results of several analyses based on data from the J-SEPTIC DIC study. 19, 22, 24, 25 In the present investigation, patients with sepsis-induced DIC and measured AT activity at the time of ICU admission were selected from the patients included in the J-SEPTIC DIC study. Patients with DIC received AT supplementation therapy at the discretion of the attending physician and were accordingly stratified into 2 groups: the AT group included patients who received AT supplementation therapy, and the control group included patients who did not receive AT supplementation therapy. Although no AT supplementation protocol was predefined, patients with DIC were typically administered 1500 IU of AT per day. Antithrombin supplementation therapy was continued for 3 days or until the patient's condition improved.
Statistical Analyses
Data are expressed as numbers (%), means (standard deviations), or medians (interquartile ranges) as appropriate. Intergroup comparisons were performed using the Mann-Whitney U test and w 2 test, and Spearman rank correlation coefficients were calculated to determine the correlations between 2 variables.
An adjusted mortality analysis using propensity scores was performed to address the existing differences in the baseline characteristics between the AT and control groups (7) 72 ( caused by the retrospective nature of the study. 26, 27 The findings of various therapeutic interventions were used to estimate the propensity score because such investigations were usually performed simultaneously with AT supplementation, and the resulting scores were stratified into quintiles. To estimate the propensity scores, data were fitted to a logistic regression model in which AT treatment was set as a function of several variables, including patient characteristics, therapeutic interventions, and ICU characteristics. This resulted in models based on age, sex, body weight, admission route to the ICU, preexisting organ dysfunction, APACHE II score, total SOFA score on day 1, SIRS score on day 1, DIC score on day 1, primary infection site, blood culture results, microorganisms responsible for sepsis, laboratory tests (including white blood cell count, platelet count, hemoglobin level, AT activity level, and prothrombin time-international normalized ratio) on day 1, use of anti-DIC drugs, immunoglobulin use, low-dose steroid use, surgical interventions at the infection site, renal replacement therapy, renal replacement therapy for nonrenal indications, polymyxin B-direct hemoperfusion, ICU characteristics, ICU management policy, and the number of beds in the ICU. Some laboratory results (fibrinogen, fibrin/fibrinogen degradation product, D-dimer, and lactate levels) were not used to estimate propensity scores because the proportions of missing data in these categories exceeded 5%.
Patients were stratified into 4 subsets corresponding to the quartiles of AT activities distribution, recorded upon ICU admission. The overall association between AT supplementation therapy and mortality outcomes was assessed using a Cox regression model with the propensity score strata as a covariate. For bleeding complications, the odds ratio and associated 95% confidence intervals (CIs) were estimated using a logistic regression model with the propensity score strata as the covariate. SPSS version 22.0 J (SPSS Inc, Chicago, Illinois) was used for all statistical analyses. The level of statistical significance was set at P < .05.
Results
A total of 3195 patients with severe sepsis/septic shock were enrolled in the J-SEPTIC DIC study. Among these, 1784 patients were diagnosed with DIC, but AT activity levels measured upon ICU admission (day 1) were available only for 1033 patients; of these, 509 received AT therapy, while 524 did not (Figure 1 ). The characteristics of the patients with DIC with available day 1 AT activity measurements are presented in Table 1 .
The relationships between APACHE II scores, SOFA scores, and AT activity levels upon ICU admission are presented in Figure 2 . A strong correlation was observed between the APACHE II score and SOFA score (r ¼ 0.568; P < .001). However, the AT activity on ICU admission did not correlate strongly with neither the APACHE II score (r ¼ À0.097; P ¼ .002) nor SOFA score (r ¼ À0.223; P < .001).
The C-statistic for the calculated propensity score was 0.815 and the Hosmer-Lemeshow w 2 value was 7.010 (df ¼ 8), with a nonsignificant P value of .536 for the goodness of fit. The stratification of sepsis-induced DIC patients, based on AT activity upon ICU admission, yielded the following quartile-based subsets: very low AT activity ( 43%), low AT activity (44%-55%), moderate AT activity (56%-69%), and normal AT activity (!70%). This approach led to similar sample sizes among the quartile-based patient subsets (ie, each group corresponded to one quartile of the distribution of AT activities recorded upon ICU admission). The characteristics of patients with sepsis-induced DIC stratified by AT activity level are presented in Table 2 .
A Cox regression analysis revealed AT supplementation therapy significantly reduces mortality (adjusted hazard ratio: 0.603; 95% CI: 0.368-0.988; P ¼ .045) in patients with sepsis-induced DIC and very low AT activity ( 43%; bottom quartile). However, no association between AT supplementation and survival was observed in patients with low, moderate, or normal AT activity. The subset-specific adjusted hazard ratios (95% CI) and P values were as follows: low AT activity: 0.921 (0.559-1.515), P ¼ .745; moderate AT activity: 1.309 (0.713-2.404), P ¼ .385; Figure 2 . Scatter plots of APACHE II scores, SOFA scores, and AT activities. A strong correlation was observed between the APACHE II and SOFA scores (r ¼ 0.568; P < .001). However, no strong correlation was observed between AT activity on ICU admission and the APACHE II score (r ¼ À0.097; P ¼ .002) or SOFA score (r ¼ À0.223; P < .001). APACHE indicates Acute Physiology and Chronic Health Evaluation; AT, antithrombin; ICU, intensive care unit; SOFA, Sequential Organ Failure Assessment. 
Age, years 70 (1) 72 (1) 69 (1) 69 (1) 67 (1) 69 (1) 68 (1) 68 (2) Male sex 48 (54) 105 (62) 76 (62) 76 (52) 80 (58) 76 (60) 94 (54) 25 (38) Body weight, kg (3) 5 (4) 4 (3) 6 (3) 1 (2) Chronic heart failure 3 (3) 9 (5) 8 (7) 8 (5) 11 (8) 5 (4) 15 (9) 2 (3) Chronic hemodialysis 7 (8) 13 (8) 10 (8) 10 (7) 9 (7) 5 (4) 11 (6) 2 (3) Immunocompromised 12 (13) 17 (10) 11 (9) 19 (13) 12 (9) 12 (9) 32 (18) 10 ( 84 (49) 44 (36) 53 (36) 38 (28) 40 (31) 41 (23) 15 (23) Lung 22 (25) 28 (16) 22 (18) 23 (16) 31 (23) 29 (23) 51 (29) 11 (17) Urinary tract 7 (8) 17 (10) 21 (17) 38 (26) 32 (23) 32 (25) 38 (22) 19 (29) Bone/soft tissue 11 (12) 24 (14) 12 (10) 17 (12) 19 (14) 13 (10) 19 (11) 6 (9)
2 (1) 4 (3) 3 (2) 5 (4) 1 (1) 5 (3) 4 (6) Central nervous system 1 (1)
3 (2) 5 (4) 1 (1) 8 (5) 6 (9) Catheter related 0 (0)
3 (2) 1 (1) 0 (0) 1 (1) 2 (2) 4 (2) 2 (3)
4 (2) 3 (2) 2 (1) 1 (1) 3 (2) 2 (1) 2 (3) Unknown 8 (9) 8 (5) 11 (9) 7 (5) 5 (4) 6 (5) 7 (4) 1 (2) Blood culture Positive
(42)
88 (52) 65 (53) 85 (58) 66 (48) 67 (53) 84 (48) 43 (65) Negative 49 (55) 75 (44) 56 (46) 59 (40) 63 (46) 59 (46) 86 (49) 22 (33) Not taken 3 (3) 7 (4) 2 (2) 2 (1) 8 (6) 1 (1) 5 (3) 1 (2) Microorganisms causing sepsis Gram-negative rod 31 (35) 74 (44) 52 (42) 74 (51) 49 (36) 60 (47) 66 (38) 33 (50) Gram-positive coccus 26 (29) 42 (25) 29 (24) 37 (25) 43 (31) 30 (24) 38 (22) 16 (24) Fungus 1 (1) 1 (1) 2 (2) 2 (1) 0 (0) 1 (1) 3 (2) 0 (0) Virus 2 (2)
2 (1) 1 (1) 0 (0) 2 (1) 0 (0)
Mixed infection
11 (12) 23 (14) 16 (13) 12 (8) 17 (12) 15 (12) 20 (11) 6 (9) Other 2 (2) 0 (0) 4 (3) 1 (1) 3 (2) 3 (2) 8 (5) 0 (0) Unknown 16 (18) 30 (18) 19 (15) 18 (12) 24 (18) 18 (14) 38 (22) 11 (17) Laboratory results on admission to ICU WBC count, 10 (26) 96 (56) 44 (36) 80 (55) 47 (34) 73 (57) 47 (27) 36 (55) Protease inhibitors 7 (8) 46 (27) 8 (7) 38 (26) 14 (10) 25 (20) 16 (9) 12 (18) Heparinoids 2 (2) 13 (8) 8 (7) 13 (9) 7 (5) 12 (9) 12 (7) 6 (9) Other therapeutic intervention Surgical intervention 39 (44) 92 (54) 56 (46) 68 (47) 55 (40) 62 (49) 42 (24) 30 (45) Immunoglobulin 22 (25) 93 (55) 26 (21) 85 (58) 42 (31) 72 (57) 49 (28) 36 (55) Low-dose steroid 30 (34) 71 (42) 30 (24) 50 (34) 31 (23) 43 (34) 45 (26) 20 (30) RRT 19 (21) 90 (53) 30 (24) 58 (40) 45 (33) 55 (43) 53 (30) 20 (30) Nonrenal indication RRT 8 (9) 21 (12) 3 (2) 21 (14) 14 (10) 17 (13) 13 (7) 13 (20) PMX-DHP 16 (18) 78 (46) 25 (20) 54 (37) 27 (20) 46 (36) 19 (11) 22 ( Data are expressed as numbers (%), means (SD), or medians (interquartile ranges). Patients were first stratified into 4 groups corresponding to the distribution quartiles of AT activity levels upon ICU admission and were further stratified according to whether or not they received AT supplementation therapy.
and normal AT activity: 0.607 (0.316-1.172), P ¼ .138. Survival curves for patients with very low AT activity in the AT supplementation group and the control group are presented in Figure 3 . Table 3 summarizes the incidence of bleeding complications in each quartile subset in relation to AT supplementation therapy (AT supplementation vs control). There was no significant correlation between AT supplementation therapy status and the incidence of bleeding complications requiring transfusion, regardless of the AT activity level upon ICU admission. No bleeding-related death events occurred during the observation period. Additionally, the adjusted hazard ratios for inpatient mortality were found to increase gradually with each 10% increment in the AT activity threshold from very low to normal but remained relatively constant thereafter ( Figure 4) .
Discussion
This multicenter, nationwide, retrospective, observational study revealed that patients with sepsis-induced DIC and very low AT activity ( 43%) were optimal candidates for AT supplementation therapy. Furthermore, AT supplementation therapy was not found to increase bleeding complications in this patient subset. Some previous clinical trials included sepsis patients with AT activity levels 70%, which was approved for the initiation of AT supplementation therapy by the Ministry of Health, Labor, and Welfare in Japan. 11, [28] [29] [30] Hence, although the reports of these trials did not explicitly discuss the basis of the selected AT activity threshold values, 11, [28] [29] [30] these thresholds were most likely based on the normal range of AT activity (70%-120%). 31 Although the KyberSept trial included patients with severe sepsis, irrespective of AT activity, more than 45% of the patients had AT activity levels <60%. 13 A post hoc analysis of said study revealed patients with sepsis-induced DIC were more likely to have AT activity levels <60% than those without sepsis-induced DIC (72% vs 15%). Furthermore, AT administration significantly improved survival in patients with sepsis-induced DIC. 15 Therefore, AT administration therapy may be more effective in patients with lower AT activity.
Through nonrandomized multicenter postmarketing surveys, Iba et al 32, 33 also reported that AT supplementation therapy was more effective in patients with DIC and decreased AT activity. Specifically, patients with DIC and an AT activity <40%, who were treated with 3000 IU AT per day had higher rates of survival and recovery from DIC than did those treated 1500 IU AT per day, without any increased risk of bleeding complications, 33 a level of activity close to what we observed in the present study.
Antithrombin, an important physiologic anticoagulant, inhibits an estimated 80% of the coagulation activities of thrombin and coagulation factors X, IX, VII, XI, and XII. 34 However, AT activity is frequently decreased in sepsis-induced DIC [4] [5] [6] [7] and is associated with high disease severity and mortality. 8, 9 A recent study revealed AT interacts with vascular endothelial cells 35 and protects them by binding to glycosaminoglycans and suppressing capillary leakage, 36 which in itself is found to exert anti-inflammatory effects during sepsis. 37 Therefore, AT supplementation may improve outcomes in patients with sepsis and decreased AT activity.
In the present study, we stratified patients into 4 subsets corresponding to the quartiles of AT activity distribution. Although some studies used the classification and regression trees method to categorize patients, 24, 38 we used quartile-based stratification because the quartile is the most popular nonparametric criterion and can be used to group patients into comparably sized subsets.
The present study had several limitations due to its retrospective design. Hence, the results should be considered with Bleeding event data are expressed as number (%). Patients were first stratified into 4 groups corresponding to the distribution quartiles of AT activity levels upon ICU admission and were further stratified according to whether or not they received AT supplementation therapy. P values are given for the comparison between the AT supplementation group and control group in each AT activity quartile.
care. The most significant limitation is that we could not identify the exact timing and duration of therapeutic interventions. However, AT supplementation therapy was usually administered simultaneously with other therapeutic interventions upon ICU admission, which were unaffected by AT supplementation therapy. Therefore, we considered it acceptable to use these therapeutic interventions for estimating the propensity scores. Second, the AT activities of patients with sepsis-induced DIC were not measured in more than 40% of cases upon ICU admission, as measurement of AT activity is not common practice in emergency settings in Japan. These patients were excluded from the present analysis. Third, detailed information on the cause of death was unavailable in the present study. Fourth, the baseline clinical risk factors for a bleeding tendency were not evaluated, although their effects may be reflected in the estimation of propensity scores. Fifth, the data set was occasionally incomplete for specific laboratory results (fibrinogen, fibrin/ fibrinogen degradation products, D-dimers, and lactate levels) upon ICU admission.
In conclusion, our findings suggest that the optimal candidates for AT supplementation therapy for sepsis-induced DIC were not those with 70% AT activity but those with very low AT activity (<43%). In this specific patient subset, AT supplementation therapy may improve survival rates without increasing the risk of bleeding complications. AT activity on ICU admission Hazard ratio Figure 4 . Adjusted hazard ratios for in-hospital mortality in patients stratified according to AT activity levels. The adjusted hazard ratios increased gradually with every 10% increment in AT activity levels among patients exhibiting very low to normal AT activity. Thereafter, the hazard ratios remained relatively constant, regardless of AT activity levels. Open circles, hazard ratios; error bars, upper and lower 95% confidence intervals. AT indicates antithrombin; ICU, intensive care unit.
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